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1. Introduction 

The need for high strength, high toughness, and weldable structural steels was the driving force 
behind the development of the HY-steels. The U.S. Air Force, interested in structural steels with needs 
for even higher strength while maintaining toughness, developed AF1410. These high strength, high 
toughness steels are used in demanding applications involving high rates of loading (landing gear, armor). 
Consequently, for design purposes, a complete understanding of the material constitutive response is 
required. Enhanced understanding of the high strain rate response of HY100, HY130, and AF1410 steels 
will lead to realistic and accurate material strength and damage models for armor/anti-armor analyses using 
advanced finite element/difference computer programs. 

This report presents the results from impact experiments, constitutive/failure modeling, and 
metallurgical failure analyses for three steels: HY100, HY130, and AF1410. The main objectives of this 
effort are: 1) to obtain fundamental engineering data in terms of stress-strain curves up to failure at 
different temperatures and strain rates, 2) to evaluate the observed differences in the macroscopic 
behaviors through microscopic metallurgical studies, and 3) to describe the flow and failure behaviors 
using already available material strength and spall models. The high strain rate and impact experiments 
considered are the split Hopkinson bar (SHB) and the planar plate impact tests, respectively. In addition, 
the baseline data include quasi-static (QS) tests at low strain rates. The QS and SHB data provide stress- 
strain curves at different strain rates and temperatures. The experimental data illustrate the effects of two 
important loading parameters (strain rate and temperature) on the flow and failure behaviors of HY100, 
HY130, and AF1410 steels. 

The widely-used Johnson-Cook (JC) [1] model and the thermodynamically-consistent viscoplastic 
constitutive model of Bodner and Partom (BP) [2] were considered in the modeling effort. The constants 
for these models were determined from room and high temperature stress-strain curves at various strain 
rates. While the plastic flow behaviors were characterized by the JC and BP models, the dynamic ductile 
failure mechanisms were modeled using the physically based model developed by Rajendran, Dietenberger, 
and Grove [3] (RDG). The RDG model was initially implemented into the 1986 version of the EPIC 
finite element code [4]. Recenüy, Grove and Rajendran [5] successfully implemented the RDG model into 
the 1992 version of the EPIC code [6], Using this newer-version EPIC code, the material constants for 
the RDG model were determined by matching the computed spall signals with the stress gauge measured 
spall signals from the plate impact experiments. 

Section 2 describes the material invenstigated including physical and mechanical properties of 
HY100, HY130, and AF1410 steels. The SHB and plate impact test configurations are briefly described 
in Section 3. The compressive strengths at high strain rate as determined from the plate impact tests are 
also tabulated in this section. Section 4 discusses the results from the QS and SHB tests. The strain 
hardening, strain rate hardening, and thermal softening behaviors at room and elevated temperatures are 
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evaluated. Section 4 also includes a discussion on the observed microstructural differences between the 
three steels. For completion, the JC and BP strength models are briefly discussed in Section 5. The void 
nucleation and growth based RDG failure model is also briefly presented in this section. Section 6 
summarizes the results and suggests additional work. 



2. Material Description 

The HY100 and HY130 steels were designed for high strength, high toughness applications where 
weldability is required. Some applications include submarine pressure hulls, component sections in hulls 
of U.S. Navy surface ships, and machinery and shock test platforms. The AF1410 steel has a higher 
strength than the HY100 and HY130 steels. Similar to the HY-steels, AF1410 was developed for 
structural applications where the combination of high strength and high fracture toughness is required. 

2.1 Composition 

The composition of each steel is presented in Table 1. HY100 and HY130 are low alloy, low 
carbon (<0.2 wt% C) steels. AF1410 is a higher alloy, low carbon steel. Compared to the HY-steels, the 
levels of the major alloying element additions (e.g. Ni, Cr, Mo) are significantly higher in AF1410. 
AF1410 also has ~14 wt% Co added; there is no Co addition in the HY-steels. The carbon content for 
AF1410 is higher than HY130 and the same as HY100. Also, the manganese and silicon levels are 
significantiy lower in the AF1410 than in either HY-steel. 

2.2 Microstructure 

The microstructure of each of these steels consists of tempered lath martensite. The martensitic 
laths tend to align themselves parallel to one another in areas of the parent austenite grain. These regions 
of parallel laths are referred to as packets. The packet structure is important in determining mechanical 
properties and fracture behavior [7]. Tempering the martensite results in the precipitation of carbides at 
interlath boundaries, on dislocations, or at both sites. The combination of the martensitic structure with 
the carbides results in the high strength, high toughness characteristics of these steels. Presented in Figure 
1 are optical micrographs of the microstructures of the three steels. The microstructures of HY100 and 
HY130 exhibit a tempered martensitic structure with carbides (mainly Fe3C) decorating the prior austenite 
boundaries as well as the martensitic interlath boundaries [8]. As a result of composition and tempering 
practice, the carbides present in HY100 and HY130 are expected to coarsen at the tempering temperature 
employed. The AF1410 microstructure also consists of tempered martensite. Compared to the 
microstructures of HY100 and HY130, AF1410 consists of what appears to be a finer martensitic lath 
structure with the martensitic packets not as clearly defined (Figure 1). Unlike the HY-steels, AF1410 
is a secondary hardening steel. Instead of being strengthened by the precipitation of mainly Fe3C as in 
the case of the HY-steels, AF1410 is strengthened by a finer distribution of M2C (where M = Mo, Cr) [9]. 

2.3 Physical Properties 

Presented in Table 2 is a list of physical properties for HY100, HY130 and AF1410. Such 
properties are typically required for the material modelling efforts. This list is a compilation from various 
sources and provides realistic values of the cited properties for these steels. The sources of the data are 



identified in Table 2. When these properties are required for a specific product form, the most accurate 

approach would be to directly measure them for the product of interest. 

Table 1. Actual composition of steels used in this investigation. 

STEEL COMPOSITION (wt%) 

Ni Co Cr Mo C Mn S P Si 

HY100 2.40 — 1.27 0.23 0.16 0.34 0.003 0.006 0.26 

HY130 4.92 — 0.53 0.45 0.11 0.76 0.003 0.003 0.30 

AF1410 10.23 14.35 2.05 1.03 0.16 0.02 0.003 0.003 0.01 

Table 2. Properties of the three steels compiled from various sources. 

Property HY-100 HY-130 AF1410 

Yield Strength min/max, 
ksi (MPa) 

100/120" (689/827) 130/150b 

(896/1034) 
215/-~c 

(1482/—) 

KIc,Fracture Toughness, 
min ksiVin (MPaVm) 

160" 
(176) 

140" 
(154) 

120e 

(132) 

Modulus of Elasticity, 
ksi (MPa) 

29 to 31 xlO3 

(20 to 21 xlO4) 
29 to 30 xlO3 

(20 to 20.7 xlO4) 
28 to 30 xlO3 

(19.3 to 20.7 xlO4/ 

Density, 
lbAm3 (kg/m3) 

0.280g 

(7746) 
0.285s 

(7885) -  • 

Melting Temperature, 
K(°C) 

2768g 

(1793) 
2768g 

(1793) 
2768" 
(1793) 

Poisson's Ratio (u) 0.3g 0.38 0.3h 

Shear Modulus, 
Msi (GPa) 

11.2 to 11.9 
(77 to 82) 

11.2 to 11.5 
(77 to 79) 

10.8 to 11.5 
(74 to 79) 

Bulk Modulus, 
Msi (GPa) 

24.2 to 25.8 
(167 to 178) 

24.2 to 25 
(167 to 172) 

23.3 to 25 
(161 to 172) 

a USS properties card 
b MIL-S-24371B(SH) 
c McDonnel MMS-214 REV C AMD 1 
d Calculated from JIc values per conversation w/M. Vassilaros at DTRC, (KIc = V(JIc*E)) 
e reported value for transverse specimen on bar 
f Technical Report ARCCB-TR-91021 
g NSWC TR 88-252 
h assumed 



Figure 1. Optical photomicrographs showing the tempered martensitic structures of a) HY100, b) HY130, and c) 
AF1410 steels. 



3. Experiments 

The main objectives of the high strain rate testing are: (1) to determine the Hugoniot elastic limit 
(HEL), the spall strength, and the variation of yield strength with respect to strain rate at room and 
elevated temperatures, (2) to obtain the deformation and flow stress at large strains from the analysis of 
high speed photographs of dynamically deforming specimens, and (3) to obtain stress-time histories (wave 
profiles) from stress gauges for failure modeling." To accomplish these objectives, two test configurations 
were considered: split Hopkinson bar and plate impact. The experiments were performed at the University 
of Dayton Research Institute, Dayton, Ohio. The split Hopkinson bar (SHB) experiments provide stress- 
strain data for metals over a strain rate range of 500 - 2000/sec. Variation of flow strength with respect 
to strain rate can be constructed from these data. Parameters for the Johnson-Cook [1] and Bodner-Partom 
[2] strength models were determined by adjusting the constants to accurately reproduce the QS and SHB 
stress-strain curves up to the onset of necking. The data from the high speed camera pictures were useful 
in obtaining stress-strain data at large strains beyond the onset of necking using the Bridgman analysis as 
demonstrated by Rajendran and Bless [10]. 

To characterize the high strain rate behaviors of HY100, HY130 and AF1410 steels, several quasi- 
static and split Hopkinson bar tensile tests were performed at room and elevated temperatures. Two strain 
rates (0.001/sec and 1300/sec) and two temperatures (23°C and 400°C) were considered. The strain rate 
in all the quasi-static tests was 0.001/sec. All the specimens were tested to failure and complete stress- 
strain curves up to failure were obtained from these tests. The test matrix is given in Table 3. 

Table 3. Quasi-static and split Hopkinson bar test matrix 

Materials Quasi-static SHB 

Room 400°C Room 400°C 

HY100 3 3 4 4 

HY130 3 2 10 4 

AF1410 4 3 9 4 

3.1 Split Hopkinson Bar 

A schematic of the split Hopkinson bar (SHB) and the typical dimensions of a standard tensile 
specimen are shown in Figure 2. This apparatus consists of a striker bar that is made to impact end-to-end 
onto a pressure bar. The impact produces a stress wave in the pressure bar whose duration is twice the 
acoustic transit time of the striker bar. The specimen is placed at the other end of the pressure bar (bar 
no. 1) as shown in Figure 2. The specimen is also connected to the transmission bar (bar no. 2). The 
stress wave that travels down the pressure bar is partially transmitted and partially reflected by the 



specimen. The reflected and transmitted waves are detected by the strain gages on the pressure and 
transmission bars, respectively. Analysis of the strain-gage signals yields the load and displacement 
history of the specimen [11]. 

For tensile tests at room temperature, a collar is placed around the threaded end of the specimen, 
and the specimen is screwed into the pressure and transmission bars. The initial compression wave is 
transmitted through the collar. This compression wave reflects as a tensile wave from the free end of the 
second bar. When the tensile wave returns to the specimen, the collar falls away and only the specimen 
sustains the tensile load. The data from the Hopkinson bar strain gages are used to calculate engineering 
stress and strain in the sample, which is then converted to true stress and strain until the onset of localized 
deformation (necking) using the conventional relationships. 

To obtain SHB data at elevated temperatures, an induction coil heating technique was employed 
[12]. In this technique, the specimen to be heated is surrounded by an induction coil which carries a high 
frequency current. The coil diameter is kept larger than the Hopkinson bar diameter (12.7 mm) by only 
about 3 mm. A ceramic collar is used instead of a metallic one to transmit the initial compressive pulse. 
The collar is made of Alumina AD-995 which has an acoustic impedance very close to that of the bar. 
This impedance matching ensures a smooth passage of the stress wave from the pressure bar to the 
transmission bar through the ceramic collar. The temperature of the specimen just prior to loading was 
measured by a thermocouple inserted through a hole drilled in the ceramic collar. 

The loading duration in the SHB dynamic tests is typically between 100 - 300 microseconds. In 
contrast, the duration of a quasi-static test is about 8-10 minutes. Therefore, the specimen is exposed to 
the test temperature for a longer time in a quasi-static test than in a conventional SHB test. In this study, 
the SHB specimens were exposed to the test temperature for about the same duration of time as in the 
quasi-static tests. 

An IMACON high speed camera was employed to obtain data for ductile necking evolution in the 
three steels. Rajendran and Bless [10] described the use of such data to correct the engineering stress- 
strain relationship beyond the onset of necking. The measured radius of curvature of the neck profile and 
the minimum radius from the high speed photographs are used to calculate the Bridgman correction factors 
[13]. Using the Bridgman relationship, the SHB stress-strain curves beyond the onset of necking can be 
constructed. 

3.2 Plate Impact 

The plate impact experiment is the most commonly used configuration for studying dynamic 
tensile (spall) failure in materials at very high strain rates. In the plate impact test, a flat flyer plate is 
made to impact against a target plate at a high velocity. The diagnostic measurements usually involve a 
VISAR to measure the particle velocity history or piezo-resistive stress gauges to measure the stress 
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history at the target and back plate interface.   The flyer and target may be of the same or different 
material. Compressive stresses are produced and transmitted immediately from the plane of impact to the 
adjacent stress free areas of the material in the form of a stress pulse. Figure 3 shows a schematic of the 
plate impact test configuration, along with a typical free surface velocity history is shown in Figure 3. 

DETAIL" A" 
STRIKER BAR BAR   NO  I 

io   c 
BAR NO. 2 

STRAIN GAGES T 

BAR NO \j     BAR NO 2 

SHOULDER-'   SPECIMEN 

"A" 

1/4-20 UNC -0.12510.010 R 
DO NOT UNDERCUT 

Dt.SSfDIA. 

D »0.125 t.002 DU. 

NOTES: 

ALL DIMENSIONS IN INCHES 

Figure 2. A schematic of the split Hopkinson bar test set-up and dimensions of the tensile specimen. 
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Figure 3. A schematic of plate impact test configuration and a typical VISAR measured velocity versus 
time profile. 



The portion of the velocity history indicated by the letter E represents the arrival of an elastic 

shock wave from the impact plane. The material particles are compressed elastically (E-E') until the 

relatively slow moving plastic shock wave arrives at the free surface. Typically, both the shape and time 

duration of the portion E-E' depend on the strain rate sensitivity of the material and thickness of the target 

plate. 

For engineering calculations, the average velocity level between the points E and E' is usually 

defined as the velocity at the HEL, VHEL. Using this experimental value, the stress at the HEL (oHEL) is 

calculated from the relationship oHEL = VipcVHEL, where p is the material density, c is the elastic sound 
wave speed, and VHEL is the velocity at the HEL measured at the target's free surface. This expression 

is valid only under symmetric impact conditions, that is, when the target and flyer are of the same 

material. 

The high strain rate yield strength, Y0, can then be calculated as, 

Y0 =       °HEL (1) 

'   k   +
2' 

TG   T 

where G is the shear modulus and K is the bulk modulus. When the plastic shock wave arrives at the 
target's free surface, this wave takes the particle velocity to the peak level defined between points P and 
R. Later, the elastic release wave from the back surface of the flyer plate arrives at point R, and the 
velocity drops to R'. The plastic release wave from the flyer reaches the target's free surface and drops 
the velocity further to F. In general, in modeling, the level E-E' and the wave structure around the HEL 

are sensitive to the constitutive relations (strength models); however, the slopes and peak of the VISAR 

signal depend primarily on the pressure-volume relationship (equation of state). 

Depending on the severity of the impact, the bulk material (target) can spall and a stress-free 

fracture surface (spall plane) is created in the target. When the spall plane separates inside the target, the 

stresses relax to zero, and hence, a compressive shock wave is generated. This shock wave arrives at point 

S, as shown in the typical VISAR signal. The material particle velocity history follows the solid line 

(recompression). The signal beyond point S is often denoted as the "spall signal." This spall signal is 

most often used in the estimation and calibration of failure model parameters. 

Plate impact experiments on the three steels (HY100, HY130, and AF1410) were performed at 

the University of Dayton Research Institute and details of the tests are given in Table 4. The Hugoniot 

elastic limits (HEL) for these various metals were determined and are tabulated in Table 5. The 

compressive flow strength of AF1410 was much higher than the strengths of HY10Ö and HY130 steels 
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at extremely high strain rates (>107s). The manganin-gauge measured stress-time histories are used in 
the failure modeling of these steels. The RDG model constants are often calibrated by matching the 
numerically calculated stress histories with the experimentally measured stress histories. 

Table 4. Plate impact tests 

Shot No. Velocity 

(m/s) 

Flyer Plate Target Plate 

Material Thickness 
(mm) 

Material Thickness 
(mm) 

7-1686 504 HY130 4.0 HY130 . . 8.0 

7-1687 715 HY130 4.0 HY130 8.0 

7-1688 488 HY130 3.0 HY130 8.0 

7-1690 494 HY100 3.0 HY100 8.0 

7-1692 481 HY100 4.0 HY100 8.0 

7-1693 779 HY100 2.0 HY100 8.0 

7-1691 484 HY100 4.0 HY100 8.0 

7-1695 672 AF1410 4.0 AF1410 8.0 

7-1696 668 AF1410 3.0 AF1410 8.0 

7-1697 668 AF1410 2.0 AF1410 8.0 

7-1698 536 AF1410 3.0 AF1410 7.6 

Table 5. HEL and compressive strength of AF1410, HY100, and HY130 steels 

MATERIAL HEL (kbar) Y(kbar) 

AF1410 Steel 36.0 20.9 

HY100 Steel 16.0 9.3 

HY130 Steel 23.0 13.3 
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4. Experimental Results and Discussions 

In this section, the effects of strain rate and temperature on the strain hardening, strain rate 
hardening, and strain at failure are presented for HY100, AF1410, and HY130 steels. The discussions 
also focus on the role of metallurgical effects on the material behavior modification at elevated 
temperature and high strain rate. 

To identify any difference in quasi-static stress-strain behavior due to specimen orientation, the 
engineering stress-strain curves for longitudinal (L) and transverse (T) specimens at two different 
temperatures (23°C and 400°C) were obtained for AF1410 steel. The differences due to specimen 
orientation were found to be relatively insignificant at both temperatures, except for a small difference in 
the post-yield region. A similar trend was observed under high strain rate loading conditions for the two 
orientations at both room and elevated temperatures. The absence of any orientation effect was 
previously established for the HY100 and HY130 steels [14]. 

4.1 Room Temperature (RT) 

a. Strain Hardening 
The QS (10_3/s) and SHB (10+3/s) engineering stress-strain curves for the three steels are compared 

in Figure 4. The actual SHB data is presented in the plots. The stress-strain data for HY100 and HY130 
were relatively noisier than AF1410. However, the overall shape of the average curve for HY100 
followed the QS curve. Among the three steels, HY100 was the most strain hardening material and 
AF1410 was the least strain hardening material. 

The stress-strain curves for AF1410 exhibited continually decreasing flow stresses with respect 
to increasing strain. Immediately beyond the onset of plastic yielding, the flow stresses at both low and 
high strain rates start decreasing, indicating the onset of necking in AF1410. Therefore, it was not 
possible to determine the strain hardening behavior of AF1410 from these tensile tests. In general, the 
strain rate effect was negligible on the strain hardening behavior of these metals. In BCC metals, the 
strain hardening is not usually influenced by the strain rate. The slope of the stress-strain curve at any 
given strain value prior to the onset of necking is independent of strain rate. 

b. Failure Strain 
The scatter in the failure strain measurements for quasi-static and SHB tests is also shown in 

Figure 4. The strain to failure was consistently larger under dynamic loading conditions for the three 
steels. Rajendran and Fyfe [15] and Regazzoni and Montheillet [16] found a similar trend in copper (fee 
metal) and concluded that the increase in failure strain is due to inertial effects. Adiabatic shear banding 
and inertia impose competing effects on the failure strain. 

The analyses of these investigators indicated that inertia plays the dominant role in delaying the 
onset and progression of necking. The present experimental results further confirm the effects of inertia 
in high strength steels (bec metals). Under high strain rate loading, the failure strain increased by about 
30% in HY100, 15% in HY130, and 8% in AF1410. 
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c. Strain Rate Hardening 
The HY100 steel exhibited strain rate hardening. Figure 4 for HYIOO shows higher flow stresses 

in the SHB tests at strain rates about 1500/s than in the quasi-static tests at O.OOl/s. Other investigators 
[14] have also found rate dependency in this steel. The AF1410 and HY130 steels did not exhibit any 
rate dependency in the strain rate regime between 10"3/sec and 103 /sec as can be seen from the plots in 
Figure 4. The average SHB stress-strain curves are very similar to the QS curves-for these two steels. 

4.2 High Temperature (400°C) 

The room temperature (RT) and high temperature (HT) stress-strain curves are compared in Figure 
5 for the three steels under quasi-static loading. The thermal softening in AF1410 was relatively higher 
than in HY100 and HY130. At elevated temperatures, the onset of necking occurred immediately upon 
plastic yielding in all three steels. Interestingly, the strain to failure was significantly lower at HT. 

In Figure 6, the stress-strain curves from the SHB tests are plotted for both RT and HT conditions. 
At high strain rate, the HYIOO steel thermally softened more than the other two steels. The effect of 
temperature on failure strain is less pronounced under high strain rate loading. A 37% reduction of failure 
strain in HYIOO, 20% in HY130, and almost no reduction in AF1410 steel was observed. 

a. Strain Hardening 
Figure 7 compares the stress-strain curves from the high temperature QS and SHB tests for the 

three steels. The onset of plastic instability in all the high temperature tests precluded the possibility of 
evaluating the strain hardening behaviors under elevated temperatures. The negative slopes of the stress- 
strain curves at low (QS) and high (SHB) strain rate loading conditions are very similar for each steel, 
indicating similar necking evolution characteristics. 

b. Failure Strain 
At elevated temperatures, the strain at failure was substantially higher in the SHB tests than in the 

QS tests. HYIOO exhibited about 40% higher failure strain, while HY130 and AF1410 exhibited 60% and 
100% higher failure strains, respectively. In general, the ductility in the three steels decreased at high 
temperature (400°C), irrespective of the strain rates. The microstructural evaluations of the fractured 
specimens from both QS and SHB tests did not lead to any definite finding to explain the reduction in 
ductility at high temperature. We can only speculate that the ductility decreased due to the combined 
effects of early occurrence of the onset of plastic instability (necking) and adiabatic heating. 

c. Strain Rate Hardening 
A comparison of high temperature stress-strain curves between the low (QS) and high (SHB) strain 

rates is made in Figure 7 for the three steels. The HYIOO steel exhibited a similar level of rate sensitivity 
at both room and high temperatures. The HY130 and AF1410 steels, which did not exhibit any strain rate 
dependency at room temperature, exhibited significant rate hardening at 400°C. In fact, the rate sensitivity 
in AF1410 at 400°C was much higher compared to the rate sensitivity in HYIOO and HY130. 

Figure 8 summarizes the effects of temperature on strain rate hardening in the three steels. The 
slopes of the lines indicate the levels of strain rate sensitivity. For HYIOO, the slopes for 23°C and 400°C 
are very similar, indicating minimal effect of temperature on the strain rate hardening behavior of this 
steel. The HY130 and AF1410 steels both showed increased rate sensitivity at high temperature. This 
temperature effect was more significant in AF1410, as indicated by the slopes of the lines in Figure 8. 

13 



20 rr 

0.40 

Eng.  Strain 

1111111111111111111111 ii ii 1111111 ii i" i'. 

AF1410 
ROOM TEMPERATURE; 

0.00 

SHB 

H-M-HQg     Fallura  Strain   Soattar 
/W^SUB Follqra.  Strain   Soattar 

i i i i i i i i 
0.10 

'Q'^tU'D 11111111111111 

0.20 0.30 0.40 

Eng.  Strain 

20 

u 
,015 

-4-3 
CO 

Ö0<5 

M11111111111111111111111111111111 

HY130 
 ROOM TEMPERATURE 
LfcfcfcfcJOS    Fallura Strain   Soattar 
■AAAAASm Follura Strain   Soattar 

0.00 0.10 020 0.30 0.40 

Eng. Strain 

Figure 4.        Effect of strain rate on stress-strain behavior of HY100, AF1410, 
and HY130 steels at room temperature. 

14 



20 

cd 
,015 

CO 

u 
-p 
CO 

GO s 
Ö 

1 1 1 1 | 1 1 1 111 1 1 1 | 1 1 1 1 1111111ITITITI r 

HY100 
QUASI-STATIC 

l+H+IRT 
1        AWAHT 

- Failure Strain  Soattar     •; 
- Fa Hurt Strain  Soattar 

'- 

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

 

1 
HT 

''■■■■■■■ 1,1 vMi* ■'■■'■■ n1 »■' n*" 
0.00 0.10 0.20 0.30 

Eng.  Strain 

20 

u 
cd 
,016 

CO 

©10 
u 
-p 
CO 

1111111111111111111111111111111111111111111111111 

AF1410 
QUASI-STATIC 

I 11 11 IRT -   Fallura  Strain   Soattar 
AWAHT -   Fallura  Strain   Soattar 

0.00 
-Ä&- ' ' J\\' ' ' ' 
0.10 

□' □ 
0.20 0.30 

Eng.  Strain 

20 

cd 
,Ois 

CO 

Q)10 
rn 

-P 
CO 

Q()S 
Ö 

111 n 11 ii| 111 i rrni | riTTiTiTTTTrri 1111 n 11111 in 

HY130 
QUASI-STATIC 

I 1111 IRT -  Fallura Strain   Soattar 
;       AWAHT -  Fallura  Strain   Soattar 

HT 

OT1 ' ' ' ■ ' ' ' ' ' ' ' ' 1& ' ' ' ' ' ' ' D ' □' 
0.00 0.10 0.20 0.30 

Eng.  Strain 

Figure 5.        Effect of temperature on quasi-static stress-strain behaviors of HY100, 
AF1410, and HY130 steels at room and high (400°C) temperatures. 

15 



20 

d 
,Q15 
M 

111111111111111111111111111111111111111111111111 

HY100 
SPLIT HOPKINSON BAR 

ii 111 iRT -  FaIIUP« Strain  Soatter     - 
AWAHT - Failure Strain  Soattar 

Eng.  Strain 
0.00 0.10 0.20 0.30 0.40 

20 

u 
,£J16 

M 

CO 

u 
CO 

Qfl5 

H 

i i i i i i i i I i i i i i i i i i i i i i i i ■ i ■ i i i i i i i i i i i i ■ ■ i i i ■ i i '_ 

AF141Ö 
SPLIT HOPKINSON BAR 

]RT - Fallura Strain  Soattar 
iHT - Fallura'Strain  Sootier 

0.00 
11' ■ ■ 111111111 nvr»t- 1111111111111111 

0.10 0.20 0.30 0.40 

Eng. Strain 

20 1111111111111111111111M11111 n 1111111111111 II i' i. 

HY130 
SPLIT HOPKINSON BAR 

H-H-URT -  Fallura  Strain   Soalter 
■AAAAAHT -  Fallura  Strain   Soattar 

0.00 

Eng.  Strain 
0.10 0.20 0.30 0.40 

Figure 6.        Effect of temperature on dynamic (SHB) stress-strain behaviors of HY100, 
AF1410, and HY130 steels at room and high (400°C) temperatures. 

16 



16 

cd 

10 

0.00 

l| 111 u 11 I 11 I 11 111 11 111 11 111 11 H I 111 11 

HY100 
HIGH TEMPERATURE 

OS    Follur« Strain  Ssattsr 
SrB Failure Strain   Soot tor 

SHB 

16 

0.10 0.20 0.30 

Eng.  Strain 

r-ni i it 111111111111 n 11 n i n i 1111111111 111 i ii 11 

AF1410 
HIGH TEMPERATURE 

SHB 

3QS    Fallurs Strain   Sootier 
^SHB Fallur« Strain   Sootier 

Eng.  Strain 
0.30 

16 

10 

I I I I I I I I I I I I I I I I I I I I I I I i I I I I I I I I I I I I I I I I I I I I I I I I I, 

HY130 
HIGH TEMPERATURE 

LfcfcfcfcJQS    Follur« Strain   Saattor      ~ 
A*iAAASI-n Follur« Strain   Soettar 

0.00 0.10 0.20 0.30 

Eng. Strain 

Figure 7.        Effect of strain rate on stress-strain behaviors of HY100, AF1410, and 
HY130 steels at high (400°C) temperature. 

17 



Finally, the effects of strain rate on thermal softening are shown in Figure 9. The rate of thermal 
softening is consistently higher at lower strain rate (0.001/s) for all three steels. For HY100, the slopes 
for 0.001/s and 1450/s are almost same, indicating that the thermal softening in this steel is relatively 
insensitive to the strain rate. The flow stress in AF1410 steel rapidly decreased with respect to 
temperature at a strain rate of 0.001/s. This steel exhibited the most significant influence of strain rate 
on thermal softening.   The thermal softening in HY130 was not very sensitive to the strain rate. 

4.3 Bridgman Analysis of Necking 

The uniaxial stress-strain data obtained from conventional quasi-static and SHB tests are not valid 
beyond the onset of necking, due to the development of localized deformation and a triaxial state of stress. 
Bridgman's [13] analysis provides a method to obtain the effective stress and strain from the measurement 
of the neck profile. In this study, a Bridgman analysis was successfully employed to obtain stress-strain 
data beyond necking. 

In the Bridgman analysis, the effective plastic strain is given by, 

e%„   =   - 2ln(-S.) (2) 
d, o 

where d is the current diameter of the neck and d0 is the original diameter of the specimen. The effective 
stress, oeff, is related to the true stress, at, (which is equal to the load divided by the current cross-sectional 
area), by the following relation, 

Geff    =    BOt (3) 

and the correction factor B is given by, 

B    =      (4) 
(1+—) ln(l + _f_) 

a 2JR 

where a is the current neck radius and R is the current radius of curvature of the neck profile. A high- 
speed camera with a framing rate of 100,000 frames/sec is used to obtain photographs of the necking 
specimen every 10 microseconds. 

In this study, the Bridgman analysis was performed on one SHB tensile test at room temperature 
for each steel. The high speed photographs of the development of the neck profile during the SHB tensile 
test are shown in Figures 10, 11, and 12 for AF1410, HY100, and HY130, respectively. In these figures, 
the uniform strain values away from the necked regions are also shown for each frame at an interval of 
10 microseconds. The Bridgman parameter B was determined from the measured values of a, d and R 
from the photographs of each frame. The equations mentioned above are then used to calculate the stress 
and strain beyond necking. 
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It was observed that the development of necking begins very early in the AF1410 alloy (at about 
65 usec) at a true strain of 0.061 (frame #5 in Figure 10), while it is much delayed in the HY100 alloy, 
initiating at about 164 usec at a true strain of 0.204 (frame #4 in Figure 11). The HY130 alloy shows an 
intermediate behavior in which necking begins to develop at about 111 usec at a true strain of 0.121 
(frame #3 in Figure 12). The stress-strain curves for the SHB room temperature tests shown earlier in 
Figure 6 support these observations from the high speed photographs. 

It has been observed by previous investigators [13,15] that the development of a neck profile 
geometry is similar for many metals. In particular, the relationship between the neck radius of curvature, 
R, and the neck radius, a, shows similar behavior for different metal alloys. 

In Figure 13, the neck radius, a, is plotted versus the neck radius of curvature, R, (both scaled by 
the original radius of the specimen, a<,) for the three different alloys. It can be seen that all three alloys 
show more or less the same necking behavior. The effective stress-strain curves obtained from the 
Bridgman analyses of the above SHB tests on AF1410, HY100 and HY130 alloys are shown in Figure 
14. For the AF1410 and HY100 alloys, the data points seem to fit a power law relation, while for the 
HY130 alloy, the data points appear to fit an exponential relation. The effective stress - effective plastic 
strain curve for HY130, constructed using the neck profile data, exhibited a significantly higher peak flow 
stress than the curves for HY100 and AF1410 steels. 

4.4 Fracture Analysis 

The results and discussion presented in this section focus on the features of the fracture surfaces 
of each steel tested under each loading condition: 1) QS (0.001/sec) at RT, 2) QS at 400°C, 3) SHB 
(1500/sec) at RT, and 4) SHB at 400°C. These features may lend insight into the relative contribution to 
failure of microvoid formation, growth and coalescence. This information is important to the material 
failure modeling effort. The majority of dynamic failure models for metals focus on damage 
accumulation. This damage accumulation is based on the nucleation, growth and coalescence of voids. 
A ductile fracture surface is characterized by a dimpled surface resulting from microvoid nucleation, 
growth and coalescence. The microvoids usually originate at second phase particles within the necked 
region. The three steels exhibited ductile failure when tested in tension under several testing conditions. 
The strength and the failure characteristics of these tempered martensitic steels are controlled by a 
combination of microstructural components including: (1) martensitic packet size (2) presence of carbides 
controlled by heat treatment (e.g. Fe3C) and (3) presence of other nonmetallic particles (e.g. MnS) due to 
processing [7]. 

a. HY100 

In Figures 15 and 16, micrographs of the fracture surfaces of HY100 tested under the four 
conditions are presented. These micrographs of the fracture surfaces are obtained from the scanning 
electron microscope (SEM). The SEM micrographs, taken at low magnification (~50X), are presented in 
Figure 15. Each micrograph was taken looking onto the fracture surface along the tensile axis. From the 
overall fracture surface appearance, it is evident that HY100 exhibited ductile failure when tested under 
each combination of strain rate and temperature included in this study. Each fracture surface exhibits a 
central fibrous region. The outer smooth region is the shear lip region where fast fracture occurred. These 
types of features are typical of a ductile tensile fracture surface on a round cylindrical specimen [17]. 
Presented in Figure 16 are higher magnification (~300X) micrographs of the central fibrous region of each 
sample presented in Figure 15. 
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Figure 10. High speed photographs of necking evolution in AF1410 (SHB) tensile sample. 
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Figure 11. High speed photographs of necking evolution in HY100 (SHB) tensile sample. 
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Figure 12. High speed photographs of necking evolution in HY130 (SHB) tensile sample. 
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In all samples, this fibrous region is dimpled. This dimpled surface appearance is attributed to microvoid 
nucleation, growth and coalescence occurring within the necked region of a tensile sample [17]. Even 
though each of these HY100 samples was tested under different conditions, the fracture surfaces are 
similar. This observation indicates that the manner in which damage accumulated and fracture occurred 
for each test condition is similar. The relative contribution of microvoid formation, growth and 
coalescence to the overall fracture is similar in each sample. Consequenüy, one material model describing 
damage accumulation for the range of test conditions employed should be sufficient. 

b. HY130 
Presented in Figures 17 and 18 are SEM micrographs of HY130 samples tested under each 

combination of temperature and strain rate included in this study. Consistent with a ductile tensile 
fracture, the fracture surface of each sample has a central fibrous region and an outer shear lip region (see 
Figure 17). However, there are some apparent differences between the various fracture surfaces. A 
micrograph of the fracture surface of an HY130 specimen tested at a strain rate of 0.001 sec"1 at a 
temperature of 24°C is presented in Figure 17a. Unlike the other HY130 fracture surfaces, radial cracks 
are observed within the central fibrous region. 

The radial cracks usually point to the initiation site of the fracture. In this case the cracks point 
towards the center of the sample where the microvoids first formed at an earlier stage of the fracture 
process. Fracture in the region containing the radial cracks is usually a mixture of dimple rupture and 
cleavage. A micrograph of the fracture surface of an HY130 specimen tested at a strain rate of 1400 sec"1 

at a temperature of 400°C is presented in Figure 17d. 

It is observed that the shear lip region is extensive compared to the other HY130 fracture surfaces. 
There are also voids present within the shear lip region near the central fibrous region. This observation 
indicates that voids formed throughout the necked region. The formation, growth and coalescence of the 
voids at the center of the specimen resulted in tensile overload. The shear lip formed at the outer region 
due to this overload prior to the coalescence of the voids already present in the outer region. 

The higher magnification (-300X) micrographs of the central fibrous region are shown in Figure 
18. The dimpled appearance of each fracture surface is similar for each HY130 sample, irrespective of 
the test conditions. These microdamage features of voids indicate that a material failure model based on 
ductile void growth should be applicable over the range of test conditions employed in the present study. 

c. AF1410 
The SEM micrographs of AF1410 specimens tested under each combination of temperature and 

strain rate are shown in Figure 19, 20 and 21. The fracture surfaces of the sample tested at 0.001 sec"1 

at a temperature of 24°C and both samples tested at higher strain rates (1300 to 1350 sec"1 at 24°C and 
400°C) have a similar appearance, as indicated by Figures 19a, 19c and 19d. All these samples have 
central fibrous zones and outer shear lip regions of similar size. However, unlike the other AF1410 
fracture surfaces, radial cracks are observed within the central fibrous region of the sample tested at 0.001 
sec"1 and 24°C (Figure 19a). The fracture surface of the specimen tested at 0.001 sec"1 at a temperature 
of 400°C (Figure 19b) has only a central fibrous region with no extensive shear lip observed. 
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Figure 16:        SEM micrographs of HY100 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 24°C (b) 
0.001/sec, 400°C (c) 1500/sec, 24°C (d) 1500/sec, 400°C. 
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Figure 17:        SEM micrographs of HY130 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 
(b) 0.001/sec, 400°C (c) 1400/sec, 24°C (d) 1400/sec, 400°C. 
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Figure 18:        SEM micrographs of HY130 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 24°C 
(b) 0.001/sec, 400°C (c) 1400/sec, 24°C (d) 1400/sec, 400°C. 
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The fracture surfaces of the samples shown at a lower magnification in Figure 19 are repeated in 
Figure 20 at a higher magnification (-300X) for further evaluation. Each fracture surface has a different 
appearance. A micrograph of the specimen tested at a strain rate of 0.001 sec"1 at a temperature of 24°C 
is presented in Figure 20a. The surface contains voids having a wide range in size. It appears that the 
coalescence of the larger voids occurred by formation, growth and coalescence of voids within the 
remaining metal ligaments between the larger voids. This is not the case for the specimen tested at a 
strain rate of 0.001 sec'1 at a temperature of 400°C presented in Figure 20b. Compared to Figure 20a, the 
voids are larger and lie within a narrower size range. This indicates that the voids coalesced due to void 
growth and shear of the remaining ligaments between the voids rather than by nucleating voids within the 
remaining metal ligaments. 

A micrograph of the specimen tested at a strain rate of 1300 sec"1 at a temperature of 24°C is 
presented in Figure 20c. The fracture surface contains voids having a wide range in size. This 
observation is similar to that of the specimen tested at the same temperature but lower strain rate, Figure 
20a. However, it appears that when the AF1410 was tested at the higher strain rate, the smaller voids in 
the ligaments between the larger voids are well developed compared to the smaller voids in the specimen 
tested at the same temperature but lower strain rate (see Figure 21a and 21b). A micrograph of the 
specimen tested at a strain rate of 1350 sec"1 at a temperature of 400°C is presented in Figure 20d. The 
fracture surface contains voids having a wide range in size. The larger voids appear to have undergone 
more growth compared to the larger voids in the sample tested at the same strain rate but lower 
temperature (Figure 20c). Also, the smaller voids in ligaments adjoining the larger voids are well 
developed compared to the other two samples where a wide range in void sizes was noted (Figure 21). 

The above observations indicate that the relative contribution of microvoid formation, growth and 
coalescence to the fracture of AF1410 differs depending on temperature and strain rate. The damage 
accumulation in AF1410 appears dependent on test conditions (i.e. temperature and strain rate). 

d. Plate Impact Samples 
Microscopic evaluation of the spalled target plates further confirmed that the failure of the three 

steels under shock loading conditions is due to microvoid nucleation, growth and coalescence. Optical 
photomicrographs of the spall areas in the 8 mm thick target plates are shown in Figures 22, 23, and 24. 
Void nucleation and growth occurred at regions around the main spall plane which was located at a 
distance of 3 mm from the target's back surface. HY100 and AF1410 steels exhibited intense void 
formation, nucleation and growth, along several parallel spall planes. 

Optical photomicrographs of an 8 mm thick HY100 target plate etched with 1% nital exhibit 
localized deformation bands that appear to be adiabatic shear bands, Figure 25. These bands are in the 
regions where spallation has occurred. The center of the band appears to have etched "white". This 
would indicate that the band was of the transformed type [18]. Presented in. Figure 26 are SEM 
micrographs of the same HY100 target plate. The shear band is narrow (< lOum). The higher 
magnification micrographs in Figure 26 clearly show that the voids formed are joined by a shear band. 
These results indicate that shear bands may form as a result of the combination of microvoid formation, 
test condition and loading history. The connection between the bands and the voids indicates that the 
formation of the shear band may occur after the voids have formed and may act as a means by which the 
voids join. This would be similar to the observation of void sheeting within localized bands observed for 
ductile materials that were tested in tension. Further work is needed to determine a correlation among the 
shear bands, microvoids, loading history and test conditions for this steel. 
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Figure 19:        SEM micrographs of AF1410 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 
24°C (b) 0.001/sec, 400°C (c) 1300/sec, 24°C (d) 1350/sec, 400°C. 
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Figure 20:        SEM micrographs of AF1410 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 
24°C (b) 0.001/sec, 400°C (c) 1300/sec, 24°C (d) 1350/sec, 400°C. 
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Figure 21:        SEM micrographs of AF1410 tensile fracture surfaces. Test conditions: (a) 0.001/sec, 
24°C (b) 0.001/sec, 400°C (c) 1300/sec, 24°C (d) 1350/sec, 400°C. 
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Figure 22.  SEM micrograph of 8 mm thick HY100 target plate (shot #7-1690) revealing ductile void 
growth. Impact velocity 494 m/s. 
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Figure 23.  SEM micrograph of 8 mm thick HY130 target plate (shot #7-1688) revealing ductile void 
growth. Impact velocity 488 m/s. 
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Figure 24.  SEM micrograph of 8 mm thick AF1410 target plate (shot #7-1698) revealing ductile void 
growth. Impact velocity 536 m/s. 
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Figure 25.   Optical micrographs of a localized deformation band linking two voids in an 8mm thick 
HY100 target plate (shot #7-1690). 

mMMmmmmmM®mnm^.mixiwmm 

"w ' V* 
s, .y &■ ■ .v -1        , ■ a-'   A-l 

vL     •"■    n   Zr-X     -'Lj.,-- .4.-.. 

_ ■ » ' ■*' jtf '    _i 

F.*, 

[■•?*< 

E J 

J8 
«Mr" 

ffe 
i   *        ■»*■] 

Ssf*f* US*?, *f   , *•■ -c* 

HDHHlli , , sill 

SM^SISfflsasaJääsi S?£MiS]^^i@£»^l^e^£f«4WJWtt4 

Figure 26. SEM micrographs of a localized deformation band linking two voids in an 8mm thick HY100 
target plate (shot #7-1690). 
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Optical observations of a couple of HY130 target plates revealed little to no tendency for shear 
banding. Presented in Figure 27 is an isolated example of what appears to be a broad shear band in an 
HY130 target plate. The band etched "white" indicating that it is a transformed band. However, the width 
of the band being greater then 10 to 20um is inconsistent with a transformed band. Once again, further 
research is needed to determine the type of the shear band and the conditions under which the band will 
form in this steel. 

% 

Figure 27. Optical micrographs of an isolated broad deformation band in the region of voids in an 8mm 
thick HY130 target plate (shot #7-1688). 

The AF1410 target plate observed exhibited numerous bands of localized deformation between 
voids, Figure 28. These bands etched dark, consistent with deformed bands. However, SEM micrographs 
presented in Figure 29 reveal a narrow, possibly transformed region within the band. Further microscopic 
studies (most likely transmission electron microscope studies) would need to be performed to determine 
the type of band that occurred. 

Presented in Figure 30 are SEM micrographs from a spalled fracture surface from an AF1410 
target plate. There appear to be three distinct regions on this fracture surface: i) areas of larger voids that 
contain particles, ii) regions adjacent to the larger voids that are subjected to extensive shearing, and iii) 
regions with smaller voids that contain particles. The regions of larger and smaller voids are separated 
by the sheared region. These observations suggest that the larger voids form earlier in the failure process. 
Localized deformation (shearing) occurs as the larger voids grow and attempt to coalesce. The smaller 
voids form within the bands, void sheeting. Further studies would be needed to correlate the fracture 
surface features with the mechanism by which failure occurred. 
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e. Further Discussions 
This summary discussion on fracture surface analysis is intended to indicate areas where further 

cooperation between material analysts and material modelers may prove beneficial. The relationship 
between material behavior and test conditions is not always easily obtained or understood. For example, 
the failure process of microvoid nucleation, growth and coalescence is influenced by the development of 
necking in the tensile samples. The onset and growth of necking are influenced by several factors. These 
factors, including sample geometry, test conditions, and material properties. Consequently, caution must 
be exercised when comparing results from various tests. 

Information regarding damage accumulation from fracture surfaces is useful. However, this is just 
the starting point for incorporating material analysis into the modeling efforts. As discussed above, 
consider what may be involved in the incorporation of test condition dependence in a damage 
accumulation model. The damage accumulation model usually contains terms involving the nucleation 
and growth of microvoids, with failure occurring at a critical volume fraction of voids. The incorporation 
of test condition dependence may be approached as simply mathematically introducing the influence of 
test condition ( £ , T, ) and loading history on the initial void volume fraction, the void nucleation rate, 
and/or the void growth rate. 

These adjustments to the model should be consistent with the material and the microstructural 
response (e.g. plastic deformation) of the material to the test conditions. For example, the initial void 
volume fraction should be consistent with the volume fraction of second phase particles at which the voids 
nucleate. The effectiveness of various second phase particles at nucleating voids may be dependent upon 
temperature and rate of loading. Also, the relative contribution of void nucleation versus void growth may 
be related to microstructural features and test conditions. This is reflected in the results for AF1410, 
Figure 2 Id, where smaller voids (void sheets) are observed between larger voids. It appears that 
microvoids formed at secondary sites after a certain amount of void growth occurred at the primary sites. 
At this stage in the deformation/failure process, void nucleation at the secondary sites may control the 
process. Additional testing and analysis would need to be performed to address this issue. 

The observation of spallation within each steel target plate appears to be consistent with the 
observations made on the tensile sample fracture surfaces. Indicating that for all test conditions employed 
the steels failed in a ductile manner. However, the observation shear bands within the target plates linking 
the voids indicates that there is a possibility that the void linking mechanism leading to fracture of each 
steel may depend upon test condition. Additional testing and analysis would need to be performed to 
further study the observed differences in the material behavior with changes in test conditions. 

The material models employed should incorporate the observed test condition dependence in a 
manner that is consistent with the microstructural analysis. The modeling efforts may then, in turn, guide 
the microstructural analysis in obtaining necessary information to delineate differences in material 
behavior. Also, if a complete understanding of the material behavior is obtained, it may be possible to 
develop materials with specific properties tailored to the material or part operating conditions. 
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Figure 28.   Optical micrographs of a localized deformation band linking two voids in an 8mm thick 
AF1410 target plate (shot #7-1698). 
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(a) (b) 
Figure 29. SEM micrographs of a localized deformation band (a) between two voids and (b) at a void 
in an 8mm thick AF1410 target plate (shot #7-1698). 
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(c) (d) 
Figure 30. SEM micrographs of a completely spalled fracture surface (AF1410) (a) low magnification 
showing three distinct areas on surface, (b) region having larger voids with imbedded particles, (c) region 
having smaller voids with imbedded particles, and (d) region of 'smearing' indicating fast fracture. 
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5. Plastic Flow and Failure Modeling 

The Johnson-Cook (JC) [1] and Bodner-Partom (BP) [2] models are considered in the description 
of strain rate and temperature dependent plastic flow in HY100, HY130, and AF1410 steels. One of the 
main objectives of the present work is to determine the strength model parameters-using the wide range 
of stress-strain data from QS and SHB tests as well as the stress history data from the plate impact 
experiments. Strength and failure models are essential in advanced impact design calculations using 
hydrocodes. The JC and BP strength models are briefly described in subsections 5.1 - 5.3. 

Rajendran, Dietenberger, and Grove [3] proposed a ductile failure model based on microvoid 
nucleation and growth. Three of the main features in this dynamic ductile failure model are the following: 
(1) a constitutive description of the initial intact (void-free) material which includes strain rate and 
temperature effects; (2) a mathematical description of the void nucleation and growth process; and (3) 
pressure dependent plastic flow equations for the porous (void-containing) aggregate. The RDG ductile 
failure model is briefly described in subsections 5.4 - 5.5. More detailed descriptions of this model and 
its capabilities have been published in References [18-20]. 

5.1 Johnson-Cook Model 

The Johnson-Cook strength model [1] provides realistic solutions to hydrocode simulations of a 
broad class of dynamic events such as impact, penetration, and explosive acceleration of metals. The JC 
model is described by the following two equations: 

Y = [ä + B en ] [l + C In £ *] [l - T*m] (5) 

T- T 
m.                            room ,s\ T'   =     (6) 

T      - T mit room 

Y is the flow strength, 8 is effective plastic strain, £* is non-dimensional (effective plastic) strain rate 
(normalized by 1/sec), T* is homologous temperature, Tmlt is the temperature at melting, and T is the 
applied temperature. The five material constants are defined as follows: A is the static yield strength, 
B is the strain hardening coefficient, n is the strain hardening exponent, C is the strain rate coefficient, 
and M is the thermal softening exponent. The model constants A, B, and n are determined from quasi- 
static stress-strain data either from tensile or compressive tests. The strain rate dependent constant C is 
determined from the slope of the stress vs. strain rate plot. The temperature constant M is estimated from 
the stress vs. temperature plot. 

5.2 Bodner-Partom Model 

The Bodner-Partom model [2] is briefly described in this section.   The plastic strain rate is 
assumed to be a function of stress, oy, a state variable, Z, and to follow the Prandtl-Reuss flow rule, 
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i% = e% = \Si5 

(7) 

where ef ■, are the deviatoric plastic strain rates. Squaring Equation (7) gives 

D? = X2J, (8) 

where Dl and J2 are the second invariants of the plastic strain rate and deviatoric stresses, respectively. 

D£ = Da exp 
{3J2j  \    n 

(9) 

where D0 is the limiting value of the plastic strain rate in shear, and n is a parameter that is mainly related 
to strain rate sensitivity. Z, a measure of the overall resistance of the material to plastic flow, depends 
on the loading history. The above equation can be rewritten in the following manner: 

Y=Z [- 2n 
12+1 

In e*] 
i 

2n where (10) 

Z is assumed to be a function of the plastic work, W 

Z= z1-{z1-Z0)e- ■raw (ID 

Z0 is the initial value of Z, Zx is the maximum value that Z can attain, and m is a parameter that describes 
the strain hardening behavior of the material. The effect of temperature on the flow stress is included 
through the parameter n. Based on quasi-static experimental evidence, the parameter n is assumed to vary 
as an inverse function of absolute temperature (T): 

n = A + B (12) 

where A and B are model parameters and T is expressed in either degrees Rankine or degrees Kelvin. 
Thus the BP model contains five principal material parameters (D0, Z,,, Zx, m, and n) that have to be 
evaluated from high strain-rate experiments of room temperature. In high strain rate applications, the 
limiting strain rate D0 has been assumed to be 108/sec for metals. This eliminates the task of determining 
one more model constant. Therefore, the BP model generally requires only 4 material model constants 
for room temperature applications. For high temperature applications, since n is a function of temperature, 
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one additional constant is required. Several articles on the results from using the BP model in hydrocodes 
can be found in References 21 - 23. 

5.3 Strength Model Constants 

The strength model (BP or JC) constants are determined using the stress - strain data from QS and 
SHB tests. Johnson and Holmquist [24] provided a methodology to obtain JC model constants using the 
data from compressive and torsional tests. Since necking type failure does not occur in these tests, stress- 
strain data cover large strains (> 50%). Rajendran, Bless, and Dawicke [21] mostly employed stress-strain 
data obtained under tensile loading and described a calibration scheme for evaluating BP model constants. 
The HEL (Hugoniot elastic limit) data from plate impact experiments are also included in this scheme. 
Tables 6-8 provide the JC and BP strength model constants for HY100, HY130, and AF1410 steels. 

Table 6. Johnson-Cook model constants 

Material A (kbar) B (kbar) n C m 

HY100 steel 7.6 4.0 0.26 0.011 1.13 

HY130 steel 9.2 3.3 0.39 0.008 1.15 

AF1410 steel 15.0 6.5 0.18 0.005 0.73 

Table 7. Bodner-Partom model constants 

Material 
n Z0 

(kbar) 
zt 

(kbar) 
m 

(kbar1) 

HY100 Steel 2.95 14.5 17.0 3.0 

HY130 Steel 3.80 14.5 16.5 2.5 

AF1410 Steel 5.50 23.0 26.5 1.5 

Table 8. Thermal constants for the Bodner-Partom model 

Material A B (°K) n at 400°C natRT 

HY100 steel 1.430 454 2.1 2.95 

HY130 steel 1.470 694 2.5 3.80 

AF1410 steel -0.230 1707 2.3 5.50 
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In the BP model, higher values of the rate sensitivity parameter n imply lower strain rate 
«dm* m the material. From Table 7, one can see that HY130 and AF1410 steels are motL t 
relatively lower rate dependent materials compared to HY100. Using the values for A and B in Table 8 
values for the strain rate sensitivity parameter n at 400°C and room temperature are also given in the table' 
For example^ the value of n is 2.1 for HY100 steel at 400°C compared to the room temperature value of 
2^5. According to the experimental data, the strain rate dependency in HY100 steel did not significantly 
change with temperature (see Figure 8). 

However, this is not the case with the other two steels (HY130 and AF1410). These two steels 
did not exhibit strain rate dependency at room temperature; however, they exhibited rate dependent 

the material flow stress (strength) variation with respect to both strain rate and temperature. 

Since die JC and BP models constants were determined from the same set of experimental data 

ZT\SetS    ™0nSt3ntS Sh°Uld ProdUCe C°mparabIe StreSS"Strain curves for vari<™ ^ain rates and 
OZMT« TJT "i Verified f0r temPeratUreS b6tWeen r00m md 40°°C -d strain rates between 
0 001/s and 2000 sec. However, when extrapolated to extremely high strain rates, these models produce 
different levels of flow stress. This particular point is demonstrated in Figure 31. 

mrvw   AStT,Can SCe fr°m ** figUre' fte fl°W StrCSSeS (at a Strain °f a05)' * Predicted ^ the two 
mod is matched extremely well below a strain rate of lOVsec. However, the BP model predi ted flow 
^ess above a stiam rate of 10'/sec was much higher than the stress levels predicted by L JC model 
The JC model assumes a linear variation of flow stress with respect to a logarithmic strain rate   On the 
contrary, the BP model relationship (see Equation 10) was motivated by equations proposed to relate 

floTsrre? TU t0 StreSS-  ™S "*********»> »"* -lationship leads to rapid Lease oft 
flow stress when the strain rates reach the limiting strain rate, as depicted in Figure 31 for the three steels. 

i, of „""T mTnCe m ** Varfati0n °f fl°W StrCSS WiÜ1 reSpeCt t0 Strain rate between various models 
"rf grea' 'I*'61™ intereSt in *e *"**<* fon—ion of viscoplastic behaviors of materials 
However, Cook et al., [22] reported that the use of either strength model (BP or JC) yielded very similar 
results in many typical impact application problems. 
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Figure 31.   A comparison between JC and BP model generated flow stress vs. strain rate curve, a) 

HY100, b) HY130, and c) AF1410. 
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5.4 RDG Ductile Failure Model 

Metallurgical observations on the fracture surfaces of tensile specimens as well as the spalled 
target plates confirmed the nucleation, growth, and coalescence of microvoids in the three steels. The 

RDG ductile failure model [3] was formulated based on microvoid nucleation and growth. This subsection 

provides a brief description of this model. A pressure dependent yield-criterion-based approach is 

considered in the constitutive model formulation. For randomly distributed voids contained in the 

aggregate, the yield behavior is influenced not only by the second invariant of the deviatoric stress (J2) 

but also by the pressure or mean stress (I,). The following new yield function was considered: 

<D= (2+p2) j2 + i^E!j1
2-8(p) rm

2 = o (13) 

where, 

qr  1    - <7  D„ 

and 

g(p) =(_L.), where   f=l-p (15) 
\ K + fl 

where Ym is the effective yield stress in the matrix material, K is a model constant, p is the relative 
density, and f is the void volume fraction. Numerical simulations of a plate impact test configuration were 

performed to evaluate the effects of the 8 function on the spall signal. In these simulations, the initial 

slope of S(p) at p=l greatly influenced the slope of the spall signal. Consequently, the parameter ß (=8 

'(1)) was introduced. With ß and pCT as model constants, the corresponding value of K can be solved by 
a simple iterative scheme. An idealistic value of zero can be assumed for pCT, the critical relative density 
for void coalescence (complete failure). 

The viscoplastic strain rates 6 f ■, in the aggregate can be calculated using the flow rule derived 

from the yield function given by Equation (13). An expression for ö^ can be obtained from Hooke's 

law (elastic stress-strain relationship) by defining the elastic strain rate as the difference between the total 
and plastic strain rates, 
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(16) 

^ij = Eik[ikj-i
p

kj) 

The evolution laws for the void content f (void volume fraction, f = 1-p) are given by the 
nucleation and growth equations. The total rate of change of void volume fraction is expressed as the sum 

of its nucleation and growth components: 

f=fn 
+ fg 

The void volume fraction nucleation rate is: 

(17) 

fn = F(rm + P) (18> 

with 

i2[i^i (i9) 
F= v—e  2 

Ym is the effective stress in the matrix, P is the pressure in the aggregate, and GN is the mean equivalent 
stress around which the nucleation stress is distributed in a Gaussian manner. The term s is the standard 
deviation of the distribution. This parameter controls the range of stress over which the voids can be 
nucleated. The term f0 defines the maximum allowable void volume fraction due to nucleation. The 
growth law can be directly related to the dilatation due to growth of voids in the aggregate. By definition, 

the void growth rate is given by, 

f    3P
24p(i-P2) (P^ 

9        5TF) Y 
(20) 

A strain rate dependent relationship between Ym and the equivalent plastic strain rate in the matrix material 
is provided by either the JC model (Equation 5) or the BP model (Equation 10). 
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5.5 RDG Model Constants 

The RDG model parameters were calibrated using the manganin-gauge-measured stress histories 
from the plate impact experiments. There are four failure model constants: f0, aN, s, and ß. The 
maximum possible void volume fraction due to nucleation is arbitrarily restricted to one percent (0.01). 
This value was successfully used earlier by Rajendran et al. [18] for several metals. Based on a 
parametric study, a value of one fourth of aN was assigned to the standard deviation "s" that appears in 
the nucleation model. Therefore, the RDG model requires calibration of only two constants: GN and ß. 
The best values for these two constants were obtained for each steel by matching the simulated stress 
history with the manganin gauge data. The corresponding constants are tabulated in Table 9. 

Table 9. RDG failure model constants 

Materials 
(GPa) 

ß 

HY100 Steel 3.6 30 

HY130 Steel 4.8 50 

AF1410 Steel 5.6 100 

Rajendran et al. [18] reported a set of constants for HY100 steel, obtained by matching the 
measured stress gauge profile in a plate impact experiment (#1299) in which a 3 mm copper plate 
impacted a 6 mm HY100 steel plate. In this original set of constants, the void volume fraction due to 
nucleation (f„) was assumed to be 0.035. Using the revised BP model constants for HY100 (see table 7), 
we repeated the simulation of this experiment with f0 = 0.01, without changing the other RDG model 
constants. The model generated stress history (using f0 = 0.01) matched the measured stress gauge profile 
very well as shown in Figure 32. 

Employing this revised set of constants, test #7-1690 was modeled. The comparison between the 
model generated stress-time history and the data is shown in Figure 33. The overall matching was 
reasonable. We also simulated test # 7-1693 in which a 2 mm HY100 steel flyer impacted an 8 mm 
HY100 steel target. The comparison between the RDG model predicted stress vs. time history and the 
manganin gauge data is shown in Figure 34. The model did not exactly follow the data; this could be 
attributed to scatter in the experimental data. 

Unfortunately, the original manganin gauge traces for all the tests reported in Table 4 were 
unusually noisy. The data were altered (or smoothed) prior to predicting the plate impact test results using 
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the RDG model. Comparisons between the manganin gauge data from two identical tests (#7-1691 and 
#7-1692) and the RDG model prediction are presented in Figure 35. The geometry and impact velocity 
in the two tests were almost identical (see Table 4). However, there was significant scatter in the 
experimentally measured shock stress (peak stress) and spall signal. Therefore, it is not possible to judge 
the model prediction for accuracy. As can be seen from Figure 35, the model prediction of the stress - 
time history was somewhat an average between these two tests. 
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Figure 32.    A comparison between RDG model 
prediction and manganin gauge data for test #1299. 

Figure 33.    A comparison between RDG model 
prediction and manganin gauge data for test #1690. 

Figure 36 compares the stress history from test #7-1686 with the model-generated stress history 
for HY130 steel. The experimental trace beyond 4.3 microseconds (us) was noisy and therefore, the 
portion of the trace beyond 4.3 us is not shown in the figure. The RDG model reproduced the measured 
spall signal reasonably well. Employing the same constants, test #7-1688 was simulated and the predicted 
results are compared with the data in Figure 37. In this test, the gauge failed at about 2.4 us. The RDG 
model predicted most of the salient features of the gauge trace. 

Four plate impact tests on AF1410 steel were also simulated using the RDG model. The flyer 
thicknesses in these tests varied from 2 mm to 4 mm. The only difference between tests #1696 and #1697 
is the flyer thickness. The impact velocity and the target thickness were the same in these two tests. In 
other words, the target was subjected to different loading pulse durations. A comparison of spall signals 
between the two shots shows the effect of pulse duration on the amplitude of the spall signal. 
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Figure 34.    A comparison between RDG model 
prediction and manganin gauge data for test #1693. 

Figure  35.     Comparisons between RDG model 
prediction and gauge data for tests 1691 and 1692. 
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Figure 36.    A comparison between RDG model 
prediction and manganin gauge data for test #1686. 

Figure 37.    A comparison between RDG model 
prediction and manganin gauge data for test #1688. 
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The results are summarized in Figures 38-41. The model reproduced all the spall signals 
reasonably well. The arrival time, shapes, and amplitudes of the spall signals matched well with the 
measured manganin gauge data. As we mentioned earlier, the gauge signals in these experiments were 
unusually noisy; this led to smoothing of the experimental data, which introduced significant scatter. 
Taking this point into consideration, we can conclude that the RDG model predicted the spall evolution 
in the three steels extremely well. 

At present the RDG model is the only advanced void growth model for which constants for 
various metals are available. Therefore, the availability of physically based RDG model constants will 
enhance our present capability in modeling the ductile failure of metals under impact loading and extreme 
strain rate loading conditions. 
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Figure 38.     A comparison between RDG model 
prediction and manganin gauge data for test #1695. 

Figure 40.    A comparison between RDG model 
prediction and manganin gauge data for test #1697. 
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Figure 39.    A comparison between RDG model 
prediction and manganin gauge data for test #1696. 

Figure 41.    A comparison between RDG model 
prediction and manganin gauge data for test #1698. 
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6. Summary and Recommendations 

6.1 Summary 

The high strain rate and shock impact behaviors of HY100, HY130, and AF1410 steels were 
evaluated through a combination of experimental, metallurgical, and numerical methods. Uniaxial-stress- 
based split Hopkinson bar tensile tests and one-dimensional-strain-based plate impact experiments were 
performed. For comparison, quasi-static tensile tests were also performed. The effects of strain rate and 
temperature on the flow and failure behaviors were evaluated. The influence of strain rate and temperature 
on the strain hardening and strain rate hardening (sensitivity) were determined from the QS and SHB tests. 
The effects of strain rate on the thermal softening behaviors of the three steels were also investigated. 
Differences in the flow and failure behaviors among HY100, HY130, and AF1410 were observed through 
comparisons of the experimental stress-strain curves. 

a. Strain Hardening 
The HY100 and HY130 steels exhibited moderate strain hardening at room temperature. Since 

the onset of necking occurred immediately upon initial yielding, it was not possible to evaluate the strain 
hardening behavior of AF1410 steel; however, lower values for the strain hardening constants were 
assumed (see Tables 6 and 7; n=0.18 in JC and m=1.5 in BP). For similar reasons, the influence of 
temperature on the strain hardening behaviors in the three steels could not be evaluated. 

b. Strain Rate Sensitivity 
At room temperature, the strain rate sensitivity in AF1410 and HY130 steels was insignificant. 

The stress-strain curves at 0.001/sec and 1500/sec were almost identical. However, at an elevated 
temperature (400°C) these two steels began to exhibit moderate strain rate dependent behaviors. In 
general, for all three steels, the strain rate sensitivity increased at elevated temperatures, with a maximum 
increase in the AF1410 steel. 

c. Ductility 
The ductility of HY100, HY130, and AF1410 steels drastically decreased at elevated temperature 

under QS loading conditions by 46%, 41%, and 55%, respectively. One explanation is that the adiabatic 
heating in the necked region could have accelerated the localization of deformations. However, under high 
strain rate (SHB) loading conditions, while the AF1410 steel retained its ductility and the HY130 retained 
a significant amount of ductility at elevated temperatures, the ductility of HY100 was reduced drastically 
by 37%. The inertial effects usually slow down the localized necking process, thereby allowing additional 
deformation in the uniform sections of the sample. This effect is often more pronounced in rate sensitive 
materials. While the AF1410 steel was rate insensitive at room temperature, it exhibited enhanced rate 
sensitivity at an elevated temperature; therefore, the inertial effects could have been stronger in AF1410 
compared to the other steels. Unfortunately, the microstructural studies on the fractured specimen did not 
reveal any clues to explain the reduction in ductility at elevated temperatures. 
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d. Modeling 
The quasi-static and high strain rate behaviors of the three steels were modeled using two strength 

models: Johnson-Cook and Bodner-Partom. The strain hardening, strain rate hardening, and thermal 
softening behaviors were modeled and the corresponding model constants were successfully determined. 
The HY100, HY130, and AF1410 steels exhibited ductile failure due to void nucleation, growth, and 
coalescence under QS, SHB, and shock loading conditions. This process was modeled using the RDG 
model [3]. The measured spall signals from plate impact experiments were reproduced using this model. 
The RDG model constants were successfully determined for these steels. There are four constants in the 
RDG failure model: 1) the maximum allowable void volume fraction for nucleation (f0), 2) the mean 
threshold stress for nucleation (aN), 3) the standard deviation of the normal distribution for nucleation 
(s), and 4) the constant ß that is associated with the pressure dependent yield function for a voided 
material. In the modeling of HY100, HY130, and AF1410 steels, f0 was arbitrarily assigned a value of 
0.01 (1% void) and s was assumed to be equal to one fourth of aN. The constants aN and ß were adjusted 
to match the manganin gauge measured stress histories in the plate impact experiments. The JC or BP 
models were used to describe the intact material behavior. Using one set of RDG model constants for 
each steel, the spall signals in plate impact experiments were successfully predicted. 

6.2 Recommendations 

Additional work is needed to understand the fundamental reasons for reduction in ductility at an 
elevated temperature. Based on the microstructural studies, we were unable to establish the mechanisms 
that led to this reduction. To further verify the effects of temperature on the strain rate sensitivity and 
ductility, we recommend additional experiments at two more temperature levels, such as 200°C and 600°C, 
at least under quasi-static loading conditions. 

The generality of the RDG model constants which characterize the void nucleation, growth, and 
coalescence processes in the three steels should be established by performing 2D axisymmetric EPIC 
simulations of the SHB tensile tests. Since the high speed photographs of the neck evolution in the tensile 
samples are available, the model simulated ductile failure of the SHB tensile samples can be directly 
compared with the photographs. This exercise will shed further light on the capabilities of the RDG 
model. Since the spall process occurs at high mean stress levels, the void nucleation mechanism is driven 
by stress rather than plastic strain. Intuitively, it appears that the nucleation process under a relatively low 
mean stress (dominantly uniaxial stress) loading condition may be controlled by plastic strain levels, hi 
the model, we can employ a Gaussian distribution about a threshold plastic strain for nucleation. 

In general, the availability of JC, BP, and RDG model constants will be very useful in armor/anti- 
armor design studies using hydrocodes. In addition, the extensive experimental data that are presented 
in this report will be useful for calibrating models other than the JC, BP, and RDG models. 
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